Salt-sensitive hypertension is common in the aged population. Increased fruit and vegetable intake reduces hypertension, but its effect on eventual diastolic dysfunction is unknown. This relationship is tested in the Dahl Salt-Sensitive (Dahl-SS) rat model of salt-sensitive hypertension and diastolic dysfunction. Table grape powder contains phytochemicals that are relevant to human diets. For 18 weeks, male Dahl-SS rats were fed one of five diets: low salt (LS), a low salt þ grape powder (LSG), high salt (HS), a high salt þ grape powder (HSG), or high salt þ vasodilator hydralazine (HSH). Compared to the HS diet, the HSG diet lowered blood pressure and improved cardiac function; reduced systemic inflammation; reduced cardiac hypertrophy, fibrosis, and oxidative damage; and increased cardiac glutathione. The HSH diet similarly reduced blood pressure but did not reduce cardiac pathogenesis. The LSG diet reduced cardiac oxidative damage and increased cardiac glutathione. In conclusion, physiologically relevant phytochemical intake reduced salt-sensitive hypertension and diastolic dysfunction.
I
N humans, the link between salt intake and blood pressure has been established in cross-sectional and longitudinal epidemiological studies. However, blood pressure response to changes in salt intake can vary from one individual to another, a phenomenon known as ''salt sensitivity.'' Salt sensitivity affects approximately 50% of hypertensive patients and 20% of normotensive patients (1), and its incidence increases linearly with age. Greater understanding of the pathology and sequelae of saltsensitive hypertension is then critical to reducing the public health burden of hypertension and its associated pathologies.
Prolonged hypertension frequently contributes to the development of heart failure. Heart failure is defined by the inability of the heart to adequately meet oxygen demands of the body, characterized by inefficient systolic and/or diastolic actions of the heart chambers and valves. More than 90% of heart failure cases are preceded by prolonged hypertension (2) . Heart failure is a significant and growing problem in our aging population. Heart failure is the #1 diagnosis in the Medicare system based on patient volume, the #1 discharge diagnosis in patients older than 62 years, and the #1 cause of hospital readmission (3) . As such, preventive approaches that address risk factors for heart failure could impact public health burden.
Our group is focused on the effects of diet on hypertension-associated cardiac pathogenesis. The Dietary Approaches to Stop Hypertension (DASH) clinical trial revealed that diets rich in fruits and vegetables reduced blood pressure (4, 5) . One recent animal study carefully modeled the DASH diet nutrients to assess effects on hypertension in spontaneously hypertensive rats. However, the findings failed to reveal an antihypertensive effect (6) . Importantly, this study did not include any non-nutritive phytochemicals contained in fruits and vegetables. The DASH diet phytochemical profile was distinctly different than the control diet, (7) and these compounds may be vital to the diet benefits.
The Dahl Salt-Sensitive (Dahl-SS) rat is a model that provides insight into the pathology and treatment of saltsensitive hypertension. When fed a higher salt diet, the Dahl-SS rat predictably and gradually develops the clinically relevant sequelae of hypertension, renal hypertrophy, renal dysfunction, cardiac hypertrophy, and diastolic dysfunction. Many animal models of induced heart failure depend on infarct induction or surgical modification of the vasculature, which impose rapid morbidity and higher mortality. In contrast, the hypertension-induced model described here develops pathology over several months, allowing one to serially test for the more gradual effects of diet modification. As such, we propose that the Dahl-SS rat is a valuable model of diet effects on aging-related salt-sensitive hypertension and its associated cardiac pathologies.
The current study examines the cumulative cardiac effects of a diet supplemented with phytochemical-rich whole table grape powder. Although the use of one food source may be a simplified approach, table grapes are a relevant model to human diets because they are a widely available and affordable produce, and because they contain the major classes of commonly consumed, produce-derived flavonoids, including anthocyanins, flavanols (e.g., catechin, epicatechin, proanthocyanins), and flavonols (e.g., quercetin, kaempferol, isorhamnetin) (8) . In addition, the table grape powder used in this study has already been shown to reduce other pathologies (9) (10) (11) (12) (13) , and this evidence supports the in vivo efficacy and bioavailability of the grape powder constituents. Using the Dahl-SS rat model, we tested the hypothesis that table grape powder-enriched diets could lower hypertension-associated cardiac pathology and diastolic dysfunction. Furthermore, because grape product consumption is known to impart acute vasodilation (14-18), we compared grape treatment effects to those of hydralazine, a well-characterized vasodilator that has been shown at the selected dose to lower blood pressure in the Dahl-SS rat (19) (20) (21) .
MATERIALS AND METHODS

Animal Care and Diets
Five-week-old Dahl-Rapp Salt-Sensitive rats (Harlan, Indianapolis, IN) were acclimated for 1 week on AIN-76a powdered diet (Research Diets, New Brunswick, NJ). Afterward, each rat was randomly assigned (n ¼ 12 each) to one of five treatments: low salt diet (LS; AIN-76a with 2.8% added carbohydrate, glucose/fructose 1:1); low salt diet þ grape powder (LSG; AIN-76a with 3.0% wt/wt added grape powder); high salt diet with 6% added NaCl (HS; AIN-76a with 2.8% wt/wt added carbohydrate); high salt diet þ grape powder (HSG; AIN-76a with 3.0% wt/wt added grape powder); or high salt diet þ hydralazine (20 mg/kg body weight/day, in drinking water). Hydralazine dose was selected based on previously published findings in the Dahl-SS rat (19) (20) (21) , to obtain a similar percent reduction in systolic blood pressure as that observed with our grape powder. Diet nutrient content is described in Table 1 , and grape powder phytochemical content is described in Table 2. The  freeze-dried table grape powder was obtained from the  California Table Grape Commission as a composite of  green, red, and black California table grapes, processed and chemically characterized by the National Food Laboratory, Inc (Dublin, CA). Grape powder or added carbohydrate was mixed weekly into the AIN-76A base diet in-house using a commercial baking blender, and then stored in vacuumsealed bags (Deni Magic Vac, Buffalo, NY) at 48C. Hydralazine-fortified drinking water was made every 2 days, with concentration adjusted dynamically based on changing water intake and body weight over the course of the study. Animals were each fed 20 g of powdered diet/day. Ad libitum intake of AIN diet averages 19-21 g of AIN powder/day in the Dahl-SS rat (22) , so provision of 20 g/day ensured complete daily consumption. For HS diets, NaCl was added directly to the food hopper and mixed carefully with the daily ration of powdered diet. Rats were housed three per cage on a 12-h light/dark cycle, and water was provided ad libitum. This project was approved by the Animal Care and Use Committee at the University of Michigan.
Blood Pressure and Echocardiography Measures
During the 18-week study, blood pressure was measured bimonthly by with the IITC Mark 12 photoelectric/ oscillometric tail cuff system (IITC Life Sciences, Woodland Hills, CA) using the unit and method we described in detail previously and validated against telemetric approaches (22) . Using preconditioned, conscious, restrained animals, the first two of ten measures were universally discarded because of acclimation to tail cuff pressure and operational noise. A run was accepted if at least six of the eight measures were adequate (having detectable pulses and free of gross artifacts). When the requisite determinations were obtained, the average was calculated and used as the mean heart rate and the mean systolic value for that session.
Echocardiography of all animals was performed at 0, 8, and 18 weeks of diet treatment, following the predicted Dahl-SS rat development of compensated cardiac hypertrophy and of diastolic dysfunction, respectively. All measurements were made by a trained research animal sonographer who was unaware of treatment assignment. Animals were anesthetized by 4% isoflurane and maintained with 1% isoflurane. Two-dimensionally guided M-mode recordings and Doppler tissue imaging were acquired as we described previously (22) . Equations for each derived parameter are as described by Boluyt and colleagues (23) , with the exception of midwall fractional shortening. In the Dahl-SS rat, endocardial fractional shortening overestimates left ventricle (LV) systolic function; midwall fractional shortening has been determined to be a more appropriate index of LV systolic function (24) (25) (26) . Midwall fractional shortening was calculated according to the two-shell cylindrical model of Shimizu and colleagues (27) .
Terminal Plasma Analysis
Conscious rats were decapitated, and trunk blood was collected. Whole blood was collected into an EDTA Vacutainer (BD Vacutainer Systems, Franklin Lakes, NJ) then spun at 48C, 5000 3 g for 20 minutes. The plasma was stored at À808C until further analysis. Plasma tumor necrosis factor-a (TNF-a) and interleukin 6 (IL-6) were measured by enzyme immunoassay kits (R&D Systems, Minneapolis, MN) according to manufacturers' instructions.
Organ Weights and Cardiac Hydroxyproline Content
The heart, kidneys, and lungs were harvested, blotted, and weighed. Organ weights were compared to tibial length rather than to body weight, because of the variable weight loss from cachexia. The LV was isolated and minced, then flash frozen and stored in aliquots in liquid nitrogen. Collagen component hydroxyproline was measured in LV homogenates as a quantitative index of fibrosis. Frozen LV tissue was homogenized in ice-cold phosphate-buffered saline containing a Complete Protease Inhibitor Mini-Tab cocktail (Roche, Indianapolis, IN). The tissue was homogenized with a 30-second pulse of a Polytron (Brinkmann, Westbury, NY) tissue homogenizer, and hydrolysis of the sample solution was carried out with 6 N HCl at 1008C for 24 hours. The hydrolyzed samples were dried under a stream of nitrogen. Hydroxyproline standard solutions were prepared in a range from 2.0 to 10.0 lg/mL, and 0.5 mL of each standard and cardiac homogenates were placed in glass tubes with 1.0 mL of isopropanol and vortexed. To this solution, 0.5 mL of oxidant (0.35 g of chloramine T in 5.0 mL of water and 20.0 mL of citrate buffer) was added, vortexed, and allowed to stand at room temperature for 4 minutes. Next, 3.25 mL of Ehrlich's reagent (3.0 mL of Ehrlich's reagent in 15.0 mL of isopropanol) was added, and the tubes were kept at 258C for 18 hours. The intensity of red coloration was measured using a spectrophotometer at 560 nm. Total protein content was assessed using the bicinchoninic acid (BCA) assay (Pierce, Rockford, IL). The amount of hydroxyproline was calculated using the standard curve and expressed as micrograms per milligram of total protein.
Cardiac Histology Area of Fibrosis
Four hearts from each group were used for histology determination of cardiac fibrosis. A transverse section of the LV was fixed in 10% neutral buffered formalin. Tissue sections were prepped and mounted, then stained with Masson's Trichrome Stain (MTS) for determination of fibrosis. Digital images were acquired with an Olympus BX40 digital microscope camera mounted on a Nikon DN100 light microscope. MTS-stained cross-sections of the heart were captured at 3200 magnification. The fibrotic areas stained blue with the MTS. True-color image analysis was performed using BIOQUANT Image Analysis software (BIOQUANT Life Science, Nashville, TN). Perivascular fibrosis was determined from 10 random measures around 10 distinct vessels. The area of fibrosis value was derived from the total area encompassing the vessel lumen plus the fibrotic ring divided by the area of the vessel lumen.
Cardiac Oxidative Damage and Cardiac Reduced/Oxidized Glutathione Ratio
Frozen LV tissue was homogenized in ice-cold phosphate-buffered saline containing a Complete Protease Inhibitor Mini-Tab cocktail (Roche) and a 0.01% volume of antioxidant 0.1 M butylated hydroxytoluene in acetonitrile to limit auto-oxidation during sample processing. The tissue was homogenized with a 30-second pulse of a tissue homogenizer (Polytron) then was centrifuged at 48C for 10 minutes at 3000 3 g. The supernatant was collected and stored at À808C until further analysis. Total protein content was assessed using the BCA assay (Pierce). MDA detection was accomplished using the Biotech LPO-586 kit (Oxis Research, Portland, OR) according to the manufacturer's instructions and was expressed relative to total protein. Determination of the cardiac reduced/oxidized glutathione (GSH/GSSG) ratio was performed by using the Bioxytech GSH/GSSG-412 kit (Oxis Research) according to the manufacturer's instructions.
Statistical Methods
All results are expressed 6 standard error of the mean. Groups were compared using analysis of variance (ANOVA). If the interaction was significant, betweengroup comparisons were conducted by using the Bonferroni post hoc test. Analysis was conducted using GraphPad PRISM 4(La Jolla, CA). A p value ,.05 was considered statistically significant.
RESULTS
Body Weight and Blood Pressure
No significant differences were observed between LS and LSG groups in body weight gain during the course of the study. Cachexia is characteristic of human heart failure and is positively correlated with disease severity and mortality. Dahl-SS rats also develop cachexia as heart failure progresses, so it was expected that body weight would decrease in salt-fed groups at the later time points of the study. The results in Figure 1 show that, by 18 weeks of diet, body weight fell 22% in the HS group and 19% in the HSH group relative to the LS group, but it only fell 12% in the HSG group. However, this difference from HSG only approached significance (p , .08).
As shown in Figure 2 , HSG did not prevent the development of hypertension, but the HSG diet significantly reduced systolic blood pressure relative to the HS diet. For both the HSG and HSH diets, the first statistically significant decrease versus the HS diet was detected at 6 weeks of treatment. The LSG group trended to have slightly lower systolic blood pressure versus the LS group, but the difference was not statistically significant at any time point.
Echocardiography
Cardiac geometry and function were measured at study baseline (0 weeks), compensated hypertrophy (8 weeks), and diastolic dysfunction (18 weeks). For changes in cardiac geometry, Table 3 shows that HS rats showed greater LV end diastolic dimension (LVEDD) at 18 weeks. This remodeling was reduced with the HSG group but not in the HSH group. In the Dahl-SS rat, increasing relative wall thickness (RWT, or 2 3 posterior wall thickness during diastole/LVEDD) is found to correlate strongly with contractile failure, more so than increasing LV mass (28) . HS diets increased wall thickness, changes first evident at the 8-week compensated hypertrophy stage. When measured at 18 weeks, HSG reduced RWT and LV mass/body weight. This effect was not observed in the HSH group at any time point.
In addition to grape-associated changes in cardiac geometry, diastolic parameters were also positively affected by HSG diets (Table 4) . Changes in diastolic parameters were assessed by using M-Mode echocardiography and Doppler tissue imaging. Mild or early diastolic dysfunction is commonly characterized by altered filling velocities, which are measured by the ratio of peak early filling velocity (E wave) to late filling velocity (A wave). The E/A ratio falls at compensated hypertrophy stage, indicating an abnormal relaxation pattern or early diastolic dysfunction. However, E/A sharply rises with cardiac decompensation, indicating increased LV end diastolic pressures and pseudonormalized mitral valve inflow. During compensated hypertrophy at 8 weeks, HS-fed rats displayed a lower E/A ratio indicating a relaxation abnormality. This effect was attenuated in the HSG group, but not in the HSH group. At 18 weeks, HS showed the expected E/A elevation, which was also significantly attenuated in the HSG group, but not in the HSH group. Isovolumetric relaxation time (IVRT) of the LV increased significantly between 8 and 18 weeks. Prolonged IVRT can be considered an indicator of increased myocardial stiffness due to fibrosis (29) (30) (31) (32) , but HSG significantly reduced IVRT. This effect was not observed in the HSH group. Collectively, these findings indicate that diastolic parameters are improved by the grape-containing diet, but not by the vasodilator hydralazine.
Regarding systolic function (Table 5) , the percent midwall fractional shortening and ejection fraction were not significantly altered by high-salt feeding, which is expected in this rat model; the Dahl-SS rat is a model of diastolic dysfunction rather than systolic dysfunction. However, cardiac index reflects cardiac contractile efficiency by measuring the volume of blood moved per minute (stroke volume 3 heart rate), per unit of body weight. As such, cardiac index can reflect both diastolic and systolic function. The 8-week measures in all groups did not show a significantly impaired cardiac index, which is expected during compensated hypertrophy. However, at 18 weeks, cardiac index was significantly lower in the HS-fed group but was significantly improved by HSG. This effect was not observed in the HSH group. Heart rate was not affected by treatment, so changes in cardiac index likely reflect changes in cardiac geometry and functionality independent of sympathetic outflow. As observed with diastolic function values, LSG did not confer benefits for systolic function over the LS group. 
Cardiac Hypertrophy, Histology, and Hydroxyproline Content
Cardiac hypertrophy correlates with increased blood pressure, increased fibrosis, and collagen deposition, and with reduced cardiac function. Importantly, cardiac hypertrophy precedes the development of more advanced, irreversible pathogenesis such as heart failure. Compared to the HS diet, the HSG diet was associated with significantly lower cardiac and renal hypertrophy (Table 6 ). Strikingly, the HSG cardiac weights were similar to those of the LS and LSG groups. The HSH diets reduced renal weight but did not reduce cardiac weight. The LSG diet did not impact cardiac weight relative to the LS group. The LSG diet trended to reduce kidney weight relative to the LS group, but the difference was not statistically significant. Hydroxyproline is a component of collagen and a quantitative index of fibrosis. Collagen accumulation occurs in the heart during heart failure and contributes to stiffening of the heart walls, impaired relaxation, impaired filling, and reduced cardiac output. As shown in Table 6 , the HSG group had significantly reduced cardiac hydroxyproline content relative to the HS group. This effect was not observed in the HSH group. Also, the HSG diet was associated with a reduced perivascular area of fibrosis, which was not observed in the HSH group. 
Cardiac GSH/GSSG, Oxidative Damage, and Plasma Inflammation
Malonyldialdehyde (MDA) is a by-product of the oxidation of lipids, and serves as a marker of oxidative stress. Data in Table 7 indicate that the HSG diet was associated with significantly lower MDA content relative to the HS diet, but the HSH diet did not provide this effect. Although MDA was relatively low in the healthy LS rat hearts, the LSG diet still conferred a significant treatment effect versus the LS diet. Cardiac GSH is decreased in the salt-fed Dahl-SS rat heart relative to GSSG (33, 34) . The HSG diet significantly improved the GHS/GSSG ratio over the HS group (Table 7) , reflecting improved antioxidant defense. This effect was not observed in the HSH group. Interestingly, this effect was also observed in LSG rats as compared to LS rats, indicating that grape powder provision improved cardiac antioxidant defense even in the absence of concurrent disease. Also in Table 7 , enzyme-linked immunosorbent assay (ELISA) for plasma markers of inflammation indicated that the HSG diet was associated with significantly reduced plasma IL-6 and TNF-a relative to the HS group. This effect was not observed in the HSH group. Although the LSG diet reduced IL-6 and TNF-a, the results were not statistically significant.
DISCUSSION
The current results demonstrate the broad effects of a phytochemical-enriched diet on the gradual development of hypertension-associated diastolic dysfunction. The focus on diastolic pathogenesis is of great significance in the aged population. Systolic dysfunction primarily concerns the heart's reduced ejection capacity, whereas diastolic dysfunction concerns the heart's reduced filling capacity. Whereas systolic failure has a higher mortality rate, diastolic heart failure has a strong association with normal aging and is more common than systolic heart failure in elderly persons (35, 36) . Importantly, numerous clinical trials have documented the benefits of pharmacologic treatment for systolic heart failure; however, the optimal treatment for diastolic heart failure has not yet been defined. Diastolic dysfunction develops over a prolonged period of time and is Cardiac index is mL of blood/minute/g body weight. Heart rate is beats/minute. FS ¼ fractional shortening; LS ¼ low-salt diet; LSG ¼ low salt þ grape powder diet; HS ¼ high-salt diet; HSG ¼ high salt þ grape powder diet; HSH ¼ high salt þ vasodilator hydralazine diet. largely reversible, so the effects of diet patterns on disease course are of great interest for both preventive and interventional cardiology. The descriptive approach used here is intended to reveal the breadth of phytochemical-rich diet effects on many phenotypes relevant to hypertension and to diastolic heart failure pathogenesis. The mechanisms behind the treatment effects are likely complex and involve interaction among a number of organ systems. For example, grape-related benefits may be derived in part from reduced blood pressure, and blood pressure is regulated dynamically by interactions among the kidney, brain, vasculature, and heart. In the HSG group, reduced systolic blood pressure was observed early and was sustained throughout the study. The lack of depressor effect in the LSG group as compared to the LS group suggests that graperelated depressor effects are largely observed in hypertensive as opposed to normotensive animals. The mechanisms of grape-associated vasodilation are not completely understood, but some studies have indicated that grape-product consumption may improve the availability of the vasodilator nitric oxide. However, hydralazine afforded a similar reduction in systolic blood pressure throughout the study, yet failed to impact eventual cardiac pathology, suggesting that reduced hypertension alone is not sufficient for cardioprotection. Hydralazine limits calcium release from smooth muscle sarcoplasmic reticulum, resulting in arterial and arteriolar relaxation. In the Dahl-SS rat and in other hypertensive rat models, hydralazine consistently reduces arterial pressure but does not impact cardiac hypertrophy or fibrosis (19) (20) (21) , results which support our current findings. Hydralazine can elicit a reflex sympathetic stimulation at higher doses, but the dose provided here did not cause elevated heart rate or cardiac output. It is possible that differing routes of vasodilation lead to different protective phenotypes, but it is clear that reduced blood pressure alone does not protect against cardiac fibrosis or hypertrophy in this model.
The current results therefore imply that additional mechanisms beyond vasodilation are participating in grapemediated cardioprotection. Hypertension contributes to cardiac oxidative stress, and grape enrichment may confer antioxidant effects. In the heart, unquenched reactive oxygen and reactive nitrogen species damage local lipids, proteins, and DNA, leading to cardiomyocyte death and suboptimal cardiac function. Although a specific relationship between oxidative stress and ventricular performance has not been clearly established, there is considerable association between oxidative stress and underlying components of cardiac pathogenesis including systemic inflammation, cardiomyocyte apoptosis, cardiac remodeling, mechanoenergetic uncoupling, and endothelial dysfunction. Furthermore, accumulated evidence suggests a significant correlation between oxidative stress and clinical indexes of cardiac functional capacity, such as New York Heart Association class and peak exercise oxygen consumption (37, 38) . By reducing oxidative stress, antioxidant-rich diets may thus impact the pathogenesis or severity of cardiac dysfunction.
Direct antioxidant effects in the heart tissue would require cardiac bioavailability of the grape phytochemicals. The predominant bioavailable components would likely include enterohepatic metabolites such as sulfate conjugates, glucuronides, and O-methylated forms, with very low levels of nonconjugated, parent compounds. However, these enterohepatic and intracellular metabolites have a reduced ability to donate hydrogen, and are less effective scavengers of radicals as compared to their parent compounds. Also, concentrations of these metabolites in the plasma or in tissues are lower (nanomolar, low micromolar) than those recorded for in vivo antioxidants such as ascorbate, uric acid, glutathione, and vitamin E (39). Consequently, bioavailable grape phytochemicals are unlikely to supersede these antioxidants for radical scavenging effects, and thus direct antioxidant action of grape metabolites in cardiac tissue may be relatively minor.
Instead, accumulating evidence suggests that the tissue antioxidant effects of phytochemicals may be mediated indirectly by their interactions with intracellular signaling cascades and with altered gene expression. For example, bioavailable phytochemicals may stimulate the transcription and translation of endogenous antioxidants in the heart. Polyphenols like those found in grapes can activate response elements in the genome, which regulate the transcription of glutathione-regulating enzymes. In the current study, both LSG and HSG diets were associated with elevated GSH/ GSSG relative to their controls (LS and HS diets, respectively). Bioavailable grape phenolic phytochemicals may activate cardiac genes, which modify glutathione dynamics, like glutathione peroxidase and glutathione-S-transferase (40); this possibility is currently under investigation by our group.
Finally, grape-related benefits may derive in part from indirect effects on reduced cachexia and systemic inflammation. Cachexia is a catabolic state characterized by weight loss and muscle wasting, occurs frequently in patients with heart failure, and is a strong independent risk factor for heart failure-related mortality (41) . Cachexia is also characteristic of Dahl-SS pathogenesis, and appeared in our rats after 14 weeks of diet. The onset of cachexia is associated with elevations in proinflammatory mediators, including IL-6 and TNF-a, both of which correlate with advancing heart failure (22, 42) . Grape diet effect on body weight loss approached significance, and significantly reduced plasma TNF-a and IL-6 (Table 7) . Thus, limited cachexia may contribute to grape-associated benefits. The phytochemical model presented here is limited by the use of only one fruit. We expect that treatment effect could be amplified were we to use a more complex mix of phytochemical-containing whole foods. Rationale for grape selection is supported from several studies showing a depressor effect of grape juice and wine consumption (14) (15) (16) (17) (18) . Results found here may not extend to the dietary supplement grape seed extract, which contains higher levels of high-molecularweight tannins of questionable bioavailability, and which lacks anthocyanins. Instead, table grape powder derived from grape skin, flesh, and seed contains a broader phytochemical profile that is more relevant to that observed in fruit/vegetablerich human diets. Our intent was to use a model food that has modest antioxidant potential and has demonstrated efficacy. This standardized, whole grape powder used here has been shown by other investigators to reduce both plasma and tissue markers of oxidative stress in vivo and ex vivo (9) (10) (11) (12) (13) . These studies indicate that beneficial components of the whole table grape powder are bioavailable to tissues and that they could confer health benefits against diseases that involve oxidative stress such as hypertension-associated heart failure. The simplified model presented here may thus serve as a precursor to studies that model more complex dietary patterns and their effects on cardiac pathogenesis.
With regard to grape ''dose'' justification, allometric scaling or the bioequivalence between rodents and humans is unknown. As such, the dose of grape powder given per day was made relative to body weight. One human serving of fresh grapes is 3 /4 cup, or approximately 126 g. With loss on drying, one human serving of freeze-dried whole grape powder equals 23 g. The rat body weight equivalent of 9 servings of grape/day then averaged 600 mg/day, or 3% of the daily diet. In this manner, the dose used here attempted to model the 9 servings/day of fruit/vegetables in the DASH diet trials (4) . Other methods of estimating bioequivalence could lead to different dose justifications, including adjustments made relative to metabolic rate, food intake, food intake relative to body weight, differences in body surface area, or target organ weight relative to body weight. Regardless of the approach to estimate bioequivalence, the level of whole fruit powder used here is likely to be physiologically relevant to human diets.
Although we controlled for macronutrient and calorie intake in the current design, we cannot conclusively exclude any benefit from the additional micronutrients from grape (as described in Table 1 ). However, the 3% wt/wt grape powder enrichment supplied a modest 6 mg increase in potassium and a 0.02 mg increase in vitamin C intake per day. Previous studies in the Dahl-SS rat suggest that more potassium (43) (5-10 times higher than provided here) and more vitamin C (44) (5000 times higher than provided here) are required to reduce blood pressure. Further studies may be warranted to ascertain the specific contribution of micronutrients in the absence and presence of phytochemicals. Clinical trials in patients with heart failure have failed to detect benefits from antioxidant micronutrient supplementation, and indeed some have observed adverse effects (45, 46) . In contrast to dietary supplements, whole food models allow synergistic interaction between micronutrients and phytochemicals that may improve their bioavailability or potency. Therefore, whole foods approaches may confer both increased efficacy and safety versus dietary supplements for the prevention or treatment of heart failure.
Summary
The diet incorporation of grape-derived phytochemicals improved cardiac glutathione reserve and reduced experimental hypertension-induced cardiac fibrosis and diastolic dysfunction in the Dahl-SS rat. This benefit correlated with reduced cardiac oxidative damage and improved cardiac antioxidant reserve. The findings support the efficacy of phytochemical-enriched diets against hypertension-associated cardiac pathology. This association may have particular importance to our aging population, which has reduced intake of both fruit and vegetables. The 2000 edition of the Dietary Guidelines for Americans (47) revealed that, in individuals older than 60 years, only 35% of women and 39% of men met the two-servings-per-day objective for fruits, and only 6% of both women and men met the threeservings-per-day objective for vegetables. Because grape supplementation occurred at the onset of the study, this model examines preventive effects versus interventional effects. Ongoing studies in our laboratory are assessing the effect of diet change after the development of hypertension and compensated hypertrophy, respectively. In this manner, we may reveal the further value of phytochemical-enriched diets to interventional cardiology.
